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ABSTRACT
Amyloid fibrils and tangles are signatures of Alzheimer disease, but nanometer-sized aggregation intermediates
are hypothesized to be the structures most toxic to neurons. The structures of these oligomers are too small to
be resolved by conventional light microscopy. We have developed a simple and versatile method, called transient
amyloid binding (TAB), to image amyloid structures with nanoscale resolution using amyloidophilic dyes, such
as Thioflavin T, without the need for covalent labeling or immunostaining of the amyloid protein. Transient
binding of ThT molecules to amyloid structures over time generates photon bursts that are used to localize
single fluorophores with nanometer precision. Continuous replenishment of fluorophores from the surrounding
solution minimizes photobleaching, allowing us to visualize a single amyloid structure for hours to days. We
show that TAB microscopy can image both the oligomeric and fibrillar stages of amyloid-β aggregation. We also
demonstrate that TAB microscopy can image the structural remodeling of amyloid fibrils by epi-gallocatechin
gallate. Finally, we utilize TAB imaging to observe the non-linear growth of amyloid fibrils.
Keywords: Single-molecule localization microscopy, amyloid-beta peptides, amyloid aggregation, binding-
activated fluorescence
1. INTRODUCTION
Amyloids, aggregates of misfolded short proteins, cause various aging-related human diseases, such as Alzheimer
disease (AD) and Parkinson disease. The 42 amino-acid residue amyloid-beta peptide (Aβ42) forms extracellular
plaques in the brains of AD patients that are a pathological signature of the disease. Protein misfolding and
fibril formation from monomeric structures are unique characteristics of amyloids including Aβ42, and nanometer-
sized aggregation intermediates, termed oligomers, are typically considered to be the most toxic structures.1–3
Amyloid aggregation, including the formation of oligomers, is dynamic, transitory, and heterogeneous, and its
mechanisms are still not fully understood. A new imaging methodology with single-molecule sensitivity and
long-term measurement capability is required for quantitatively studying the nanometer-scale inhomogeneities
and dynamics of the aggregates.
Conventional fluorescence microscopy is ubiquitous in studies of dynamics in living systems due to its speci-
ficity from its molecular tags and its relatively non-invasive nature from its use of non-ionizing radiation. However,
the physical resolution barrier, optical diffraction, bounds its resolution to approximately 250 nm given by the
Abbe diffraction limit λ/2NA.4 Single-molecule (SM) super-resolution (SR) fluorescence microscopy techniques,
such as (f)PALM5,6 and (d)STORM,7,8 overcome this physical limitation by actively switching densely labeled
molecules between bright and dark states to reduce the concentration of emitters within a sample. The states
of molecules can be switched by using a variety of mechanisms including photoactivation and chemical-induced
photoswitching.9,10 A SR image can be reconstructed by recording these “blinking” events and localizing each
bright molecule with nanoscale precision.11
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We have developed a SR imaging technique to visualize amyloid structures on the nanometer scale, called
Transient Amyloid Binding (TAB) imaging.12 Instead of covalent attachment13 or permanent intercalation14
of fluorophores, TAB imaging uses transient binding of standard amyloidophilic dyes to amyloid structures.
Amyloidophilic dyes, such as Thioflavin T (ThT), specifically bind to crossed β-sheets that form the fibrillar
backbone and increase their quantum yield upon binding.15 The molecules emit fluorescence until they dissociate
from the structure or photobleach. We record “blinking” of ThT molecules, localize their positions on amyloids
with nanometer precision, and reconstruct the underlying structures. Our method is similar in concept to PAINT,
which was first demonstrated for imaging lipid bilayers using Nile red as an imaging probe.16
In this proceeding, we demonstrate a key advantage of TAB imaging, namely its long-term imaging capability
relative to traditional super-resolution techniques, and show its suitability for studying dynamics of amyloid
structures. We also show the use of Nile red as a TAB imaging probe for long-term observation of fibril growth.
2. METHODS
Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich and are ACS grade.
2.1 Amyloid Preparation
Aβ42 peptide purchased from ERI Amyloid Laboratory was dissolved in hexafluoro-2-propanol (HFIP), and
sonicated at room temperature for one hour in a water bath sonicator. After freezing in liquid nitrogen, HFIP
was removed by lyophilization, and aliquots of the peptide were stored at -20 ◦C. To prepare amyloid aggregates,
lyophilized Aβ42 were dissolved in 10 mM NaOH, sonicated for 25 min in a cold water bath, and filtered first
through a 0.2 µm and then through a 30 kD centrifugal membrane filter (Millipore) as described previously.17 To
prepare fibrils, we incubated 10 - 50 µM monomeric Aβ42 in PBS (150 mM NaCl, 50 mM Na3PO4, pH 7.4) at 37
◦C with 200 rpm shaking for 24 hours. Fibril formation was verified by an atomic force microscope. To prepare
oligomers, we incubated 10 - 50 µM monomeric Aβ42 in Dulbecco’s Modified Eagle Medium (DMEM)/Nutrient
Mixture F-12 (ThermoFisher Scientific) at 4 ◦C without agitation for 24 hours. Oligomeric structures were also
verified by an atomic force microscope.
2.2 Imaging Sample Preparation
Eight-well cell culture chambers with glass coverslip bottoms (Lab Tek, No. 1.5H, 170 ± 5 µm thickness) were
cleaned using a UV Ozone Cleaner (Novascan Technologies) for 15 minutes. Amyloid solutions were prepared as
described in section 2.1. A solution containing amyloid aggregates (10 µL) was adsorbed to the coverslip for 1
hour. The coverslip was rinsed with 200 µL dH2O afterward.
2.3 Imaging Procedure
TAB images were captured as follows. A PBS solution (200 µL) containing 1 µM ThT or 500 nM Nile red
(Fisher Scientific) was placed into the amyloid-adsorbed chambers. Super-resolution imaging was performed on
a home-built microscope12 equipped with an oil-immersion objective (Olympus, 100X, 1.4 NA) and a 488 nm
or a 561 nm excitation laser for exciting ThT or Nile red, respectively. The peak intensities of the lasers at the
sample were 1.8 kW/cm2 for the 488 nm and 0.45 kW/cm2 for the 561 nm lasers. Stacks of 5,000 images with
20 ms camera exposure were recorded for each TAB reconstruction.
Time-lapse imaging of amyloid remodeling was captured as follows. Aβ42 fibrils were adsorbed to ozone-
cleaned chambers (section 2.1). epi-gallocatechin gallate (EGCG, Taiyo International) was added to an imaging
buffer in the amyloid-adsorbed chambers in order to remodel and dissolve amyloid fibrils.18 After variable-length
incubations as indicated in Fig. 3 in the presence of 1 mM EGCG at room temperature (21 ◦C), the sample was
rinsed and replaced with the ThT imaging buffer for TAB imaging. This procedure was repeated over 46 hours.
Time-lapse imaging of amyloid elongation was captured as follows. Aβ42 fibrils were needle sheared by
pulling through a 25G needle ten times to form short seeds.19 The seed sample was then adsorbed onto an
ozone-cleaned coverslip (Azer Scientific, No. 1.5H, 170 ± 5 µm thickness) as described in section 2.1. A solution
(10 µL) containing 20 µM monomeric Aβ42 and 500 nM Nile red in PBS was placed onto the coverslip. The
solution was sandwiched by another coverslip from the top and sealed with wax to prevent evaporation. The
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Figure 1. Transient amyloid binding microscopy. A) Inclined laser illumination excites fluorophores transiently bound to
amyloid structures, and collected fluorescence is captured by an sCMOS camera. KL: widefield lens, OL: objective lens,
DM: dichroic mirror, TL: tube lens. Inset: transient binding, fluorescence activation, and unbinding of amyloidophilic
dyes and the chemical structures of Thioflavin T (ThT) and Nile red. B) Diffraction-limited image using Nile red of an
Aβ42 fibril. C) Nile red TAB SR image of the fibril in (B). Color scale: localizations per bin. D) Cross-section of the white
line across the fibril in (C). E) ThT blinking on another Aβ42 fibril. Color scale: photons per pixel. F) Diffraction-limited
imaging using ThT of the fibril in (E). G) ThT TAB SR image of the Aβ42 fibril in (E, F). Color scale: localizations per
bin. Scale bars: 300 nm.
sample was incubated on our microscope stage at room temperature (21 ◦C) without changing any buffers and
meanwhile, Nile red TAB imaging was performed periodically over 21 hours.
The captured image stacks were offset-corrected at each pixel by subtracting an averaged dark image. The
images where then localized using the ThunderSTORM20 plugin within ImageJ using default settings and custom
camera parameters. Further post-processing was performed using MATLAB (Mathworks, R2018a) for calculating
localization precision and reconstructing SR images as previously described.12
Proc. of SPIE Vol. 10884  108840J-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 25 Jun 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
